ABSTRACT: A new theoretical generation mechanism of the transient streaming potential considering variations in the surface potential on the wall in a lacunocanalicular system, is proposed based on the assumption of the piezoelectric bone matrix. To obtain the streaming potential analytically, a modified transient charge density equation is proposed. An osteon is modeled as a piezoelectric solid phase having fluid-filled cavities (lacunae) connected by channels (canaliculae) to obtain the pressure gradients in the canaliculae and the electric boundary conditions on the canalicular walls. In addition, this study focused on modeling of the negatively charged glycocalyx that fills the annular fluid space between the osteocytic process and the canalicular wall. It is assumed that the annular fluid space of the canaliculi can be represented as a two-layer configuration for flow through a gap (between the tips of the glycocalyx and the canalicular wall) overlaying the porous glycocalyx. The transient streaming potential and bone fluid flow affected by the generated total potential are analyzed using the one-dimensional lacunocanalicular fluid path, which is surrounded by the piezoelectric bone matrix. A significant increase in the streaming potential is predicted for the case with piezoelectricity. The peak streaming potential value with the piezoelectricity is found to be up to 58.8% greater compared with that without piezoelectricity. The electroviscous effect due to the total electric potential gradients on the fluid velocities in the canaliculi is negligible. These findings imply that the piezoelectric effect caused by deformation of the bone matrix should be considered for prediction of the streaming potential in the lacunocanaliculae. ß
It is well known that the living bone is continuously being remodeled by external loadings. The bone can respond to external mechanical loading environments. However, it is still not clear how the osteocytes, osteoclasts, and osteoblasts can perceive physical stimuli, which are converted by the porous bone filled by fluid. To understand the bone remodeling processes, it has been proposed that mechanical transduction effects can induce the regulation and adaptation of bone cells. The transduction hypotheses about the bone remodeling processes imply the existence of the interstitial bone fluid flow in the bone tissue. For example, the fluid shear stresses induced by the lacunar-canalicular flow are important for stimulating the osteocytic process and osteocyte for the remodeling. [1] [2] [3] [4] [5] [6] [7] [8] The strain generated electrical potential or streaming potential produced by the fluid flow in the bone tissue can induce remodeling by stimulating the bone cells. [9] [10] [11] In terms of physical theories, the bone remodeling process is coupled with the poroelasticity of the bone tissue. The poroelasticity could explain the pore pressure generation in the bone tissue when an external load is applied to the bone. The generated pore pressure gradient induces the bone fluid flow with charged ions, which move through the lacunocanaliculae. Then, the electrokinetics could reveal the streaming potential and fluid flow in the lacunocanaliculae.
Obtaining the physical stimuli for bone remodeling is a multi-physical problem, which extends from the continuum to the microscopic ionic fluid mechanics. At present, the bone fluid flow analysis in the lacunocanaliculae is coupled with the generation of the streaming potential in bone mechanics. 12 However, the generated streaming potential in the lacunocanaliculae isobtained using a constant value of the zeta potential.
The electrokinetics indicates that the streaming potential is sensitive to changes in the surface potential of a fluid path wall. If there are variations in the electrical charge on the walls of the lacunocanalicular flow paths, the generation of the streaming potential in the lacunocanaliculae will be affected. In addition, the collateral electroviscous effect could influence the interstitial fluid flow characteristics through the path.
Piezoelectricity is a coupled field effect that occurs in solid materials. Piezoelectric materials show unsymmetrical charge distribution on an atomic or a molecular scale. In piezoelectric materials, an application of external force produces electric potential and polarization. Conversely, the electric potential applied to a piezoelectric material generates deformation. Since a bone has a highly oriented and patterned collagen structure, which provides collective and cohesive response to mechanical loading, a bone can be considered as a piezoelectric material. It is well known that dry bone is piezoelectric. [13] [14] [15] [16] Since wet collagen does not have piezoelectricity, a physiological bone having fluid, or a wet bone has not been considered as a piezoelectric material in bone mechanics. As a result, it has been considered that physiological bone electricity is caused by the streaming potential. Owing to these reasons, previous theoretical streaming potential models [17] [18] [19] [20] [21] [22] [23] used the condition in which the surface potential on the wall of the lacunocanaliculae or the bone matrix was not changed.
A previous research 24 indicated that the flow cannot occur through the pores of the bone matrix owing to interactions with the ionic crystal. In addition, several studies supported the preposition that collagen-apatite in the bone matrix is impermeable. [25] [26] [27] [28] [29] Based on these studies, the bone matrix can be considered as a porous material having isolated pores and is impermeable for the bone fluid. In addition, the study 30 suggested that the collagen-hydroxyapatite in the bone matrix could not be wet to permit the piezoelectric mechanism to be observed in the dry bone. Therefore, the bone matrix may have a piezoelectric mechanism which is observed in the dry bone.
Based on the electrokinetics and the assumption of the piezoelectric bone matrix, it can be hypothesized that the electrical potential generations due to the piezoelectric effect may affect the characteristics of the streaming potential and the bone fluid flow in the lacunocanaliculae, which are surrounded by the bone matrix. According to the hypothesis, the piezoelectric effect of the bone matrix would cause changes in the surface potential on the wall of the lacunocanaliculae as well as the zeta potential. As a result, the generated streaming potential in the lacunocanaliculae would be affected by the piezoelectric effect of the bone matrix. Consequently, the bone fluid flow in the lacunocanaliculae would be affected by the generation of the streaming potential.
The purpose of this study is to propose a new theoretical generation mechanism of the transient streaming potential considering variations in the surface potential on the wall in a lacunocanalicular system that are caused by the piezoelectric bone matrix. To obtain the transient streaming potential analytically, a modified transient charge density equation is proposed. The validation of the proposed equation using an experimental setup representing an ionic fluid path surrounded by a piezoelectric material is included in the Supplementary Appendices. Then, an osteon is modeled as a piezoelectric solid phase having fluid-filled cavities (lacunae) connected by channels (canaliculae) to obtain the pressure gradients in the canaliculae and the electric boundary conditions on the canalicular walls. In addition, the negatively charged glycocalyx filling the annular fluid space between the osteocytic process and the canalicular wall is considered for modeling. It is assumed that the annular fluid space of the canaliculi can be represented as a two-layer configuration for flow through a small gap (between the tips of the glycocalyx and the canalicular wall) overlaying the porous glycocalyx. Then, the transient streaming potential and bone fluid flow affected by the generated total electric potential are analyzed using the one-dimensional lacunocanalicular fluid path surrounded by the piezoelectric bone matrix.
MATERIALS AND METHODS

Modified Transient Charge Density Equation
The ionic fluid in the lacunocanaliculae is surrounded by the piezoelectric bone matrix. An external loading causes piezoelectricity by deformation of the bone matrix. The generated piezoelectricity is the external potential, which forms the boundary condition and affects the charge density of the canaliculae. To include the external potential effects, a modified transient charge density equation is proposed. The transient charge density in the canaliculae can be predicted using this equation.
where D is the diffusion coefficient, r f is the charge density, r is the del operator, k is the inverse Debye length, e f is the dielectric permittivity of fluid, and f is the external potential. The equation shows that the charge density can be changed by the diffusion and migration of ions in the canaliculae. It represents the effects of the external potential on the charge density and the internal potential (by using Poisson's equation, r 2 c ¼ À
, where c is the internal potential). Since no convection of ions in the radial direction is allowed for the incompressible flow condition, the modified transient charge density equation is appropriate for obtaining the charge density distribution in the radial direction of the canaliculae.
Navier-Stokes Equation
In this study, the Navier-Stokes equation, considering the effects of the total potential on the canalicular flow (the modified Navier-Stokes equation), is applied.
where r, m, r f , p, u, and F are the fluid density, viscosity of fluid, charge density, pressure, fluid velocity, and total electric potential F ¼ c þ w ð Þwhich is the sum of the internal and external potentials, respectively.
Osteonal Lacunocanalicular Finite Element Model
An osteon having a one-dimensional lacunocanaliculae fluid path surrounded by the piezoelectric bone matrix, which is radially directed to the Haversian canal, is modeled to perform a multi-physical analysis as shown in Figure 1 . For the analysis, a commercial finite element code (ABAQUS, version 6.10-1, Dassault Syst emes Simulia, Providence, RI) was utilized with a FORTRAN user subroutine that was developed for this study.
To obtain variations in the electrical potential, the bone matrix, lacunae, and canaliculae were modeled using the 2240 MIN ET AL. axisymmetric piezoelectric element (FAX4), two-dimensional fluid cavity element (F2D2), and fluid link element (FLINK), respectively. The diameter of the lacuna is 10 mm. The inner and outer radii of the annular fluid space in the canaliculi were 100and 200 nm, respectively.
As indicated in Figure 1 , the length of canalicular 1 (the nearest to the Haversian canal) was 15 mm. The lengths of canalicular 2 (the intermediate) and 3 (farthest from the Haversian canal) were 30 mm. As a result, the lacunocanalicular model represented an annular pipe (the inner cylinder is solid, whereas the outer one is hollow) embedded in the solid bone matrix. The osteon model represented a hollow cylinder having inner and outer radii of 25 and 145 mm, respectively. Table 1 presents the geometry and material properties of the model.
The nodes at the most distal osteon (in the longitudinal direction) were constrained. Then, a distributed-step compressive pressure of 1 MPa was applied to the nodes at the most proximal osteon for 0.5 s using the AMPLITUDE option, and then removed. The induced strain by the applied load was 0.4%.
In addition, the negatively charged glycocalyx that fills the annular space between the osteocytic process and the canalicular wall was considered in this study. It was assumed that one end of the glycocalyx is anchored at the osteocytic process, whereas the other end (the tip) is free in the canalicular fluid. 31 Consequently, there would be a gap between the tips of the glycocalyx and the canalicular wall.
The postulation of the previous study 31 indicated that the tips of the glycocalyx nearly contact the canalicular wall. Therefore, it was assumed that the thickness of the gap is approximately 11.2 nm, which is the summation of the fiber spacing and the fiber diameter in the glycocalyx. 32 Therefore, the gap between the tips of the glycocalyx and the canalicular wall could provide another fluid path to the canaliculi. The annular fluid space of the canaliculi could be a two-layer configuration for flow through the gap overlaying the porous glycocalyx.
Furthermore, it was assumed that the glycocalyx only exerts as hydraulic resistance without generating streaming potential. The permeability of the glycocalyx was obtained from a previous study. 1 There were two electrical double layers at the canalicular wall and the tips of the glycocalyx in the canaliculi. The electrical double layer at the lacunocanalicular wall was caused by the piezoelectric bone matrix, while that at the tips of the glycocalyx was caused by the negative charge (varying from À20 to À2.5 mV) of the glycocalyx structure, which is an almost constant potential distribution within the layer of glycocalyx. 33 A constant potential of À10 mV, which is approximately equal to the averaged value of the variations of the charge of the glycocalyx, was considered in this study.
The flowchart of this multiphysical analysis is shown in Figure 2 . As listed in Table 1 , transverse isotropic piezoelectric properties of the bone matrix were applied to this problem. In the finite element analysis (FEA), the outputs in each increment are the fluid pressure values of each lacuna (p) and the spatial variations of electric potential at the canalicular walls (the surface potential: w s ). These values are entered as the input of the process in the user subroutine (US) for each increment. In the US, the external potential distributions are affected by the surface potential. Then, the charge density distributions are calculated using equation (1) . The charge density variation in the radial canalicular direction and the pressure gradient cause the convective canalicular flow, represented by equation (2) . The convective canalicular flow induces transport of non-uniform charges in the longitudinal canalicular direction. This causes the convective electric current in the canaliculi. At the same time, the electric currents are produced due to the migration and conduction. Then, the steaming potential in a canaliculi is obtained after summation of the generated currents due to convection, migration, and conduction. Then, the viscous resistance coefficient (C v ) which is the inverse concept of the permeability coefficient is calculated. For each step, the obtained viscous resistance coefficient is returned to the process of the FEA.
The detailed processes in each step for calculating the viscous resistance coefficient in the US are: (i) obtaining the lacunar fluid pressure values from the FEA; (ii) obtaining the surface potentials at the canalicular walls from the FEA; (iii) calculating the external potential distribution in the radial direction of the canaliculae; (iv) calculating the charge density distribution in the radial direction of the canaliculae using the result of (iii); (v) calculating the radially varying axial fluid velocity profiles in the canaliculae using the result of (i); (vi) calculating the axial electric currents combined with the result of (iv) in the canaliculae using the result of (i); (vii) combining the axial electric potential gradients of the previous step with the result of (iv); (viii) calculating the axial fluid flow velocities in the canaliculae; (ix) calculating the electric currents in the canaliculae due to the axial electric potential gradients; (x) obtaining the electric current by the electric conductivity of the bulk solution in the canaliculae; (xi) obtaining the next step's new axial electric potential gradients in the canaliculae using the results of (vi), (ix), and (x); (xii) obtaining the streaming potential for the entire summated length of canaliculae using the result of (xi); (xiii) obtaining the mechanical mass flow rate using the result of (v); (xiv) obtaining the electrical mass flow rate using the result of (viii); (xv) calculating the viscous resistance coefficients in the canaliculae using the results of (xiii) and (xiv); and (xvi) returning the viscous resistance coefficients in the canaliculae to the FEA for the next step. The detailed numerical analyses and the validation of the US are shown in the Supplementary Appendices.
RESULTS
Piezoelectric Potential Distribution
In this study, the transverse isotropic piezoelectric strain coefficients and the dielectric constants from a previous study were used. 16 After applying the compression with an initial surface potential of À10 mV, 18 maximum piezoelectric surface potentials of À23.6 and À13.9 mV were generated at the most outer interface of the osteon and the wall of the Haversian canal, respectively as shown Figure 3 . Thus, the spatial average of the piezoelectric surface potential was À8.8 mV. The overall magnitude of the generated piezoelectric surface potential distribution along the lacunocanaliculae decreased rapidly.
Trends of Lacunar Pressure and Canalicular Pressure Difference
As shown in Figure 4 , the generated maximum fluid pressure in the lacuna nearest to the Haversian canal was 120.0 kPa. The maximum fluid pressure in the lacuna farthest from the Haversian canal was 1.15 times that in the lacuna nearest to the Haversian canal. The maximum fluid pressure in the intermediate lacuna was 1.13 times that in the lacuna nearest to the Haversian canal.
As shown in Figure 5 , the generated maximum fluid pressure difference in the canaliculi farthest from the Haversian canal was 18.4 kPa. The maximum fluid pressure difference in the canaliculi nearest to the Haversian canal was 6.5 times that in the canaliculi farthest from the Haversian canal. The maximum fluid pressure difference in the intermediate canaliculi was 2.2 times that in the canaliculi farthest from the Haversian canal.
Charge Density Distribution
As shown in Figure 6 , the transient behavior of the charge density distribution was caused by the diffusion and migration of ions in the canalicular fluid of the gap (between the tips of the glycocalyx and the canalicular wall). Initially, the charge density distribution was governed by the initial surface potential of À10 mV at both the tips of the glycocalyx and the canalicular wall. After applying the compressive loading, the surface potential distribution was almost instantly developed by the piezoelectricity. The time required for the full development of the charge density distribution was about 10 ms in this case. In this case, the maximum charge density in the canalicular wall was 1.1 Â 10 6 C/m 3 .
Fluid Velocity Distributions in Two Layers
The fully developed fluid velocity profiles owing to the coupling between the flow through the gap (the tips of the glycocalyx and the canalicular wall) and the flow in the porous glycocalyx are presented in Figure 7 . Darcy fluid velocity profiles were predicted for the flow in the porous glycocalyx. The lowest Darcy fluid velocity, 1.96 mm/s, was found in the canaliculi farthest from the Haversian canal. The Darcy fluid velocity in the canaliculi nearest to the Haversian canal was 35.7 times that in the canaliculi farthest from the Haversian canal. The Darcy fluid velocity in the intermediate canaliculi was 6.7 times that in the canaliculi farthest from the Haversian canal. The fluid velocity profiles in the gap were generated by both the fluid pressure gradients and the total electric potential gradients (electroviscous effect) in The maximum fluid velocity in the intermediate canaliculi was 6.68 times that in the canaliculi farthest from the Haversian canal. As shown in Figure 8 , the direction of fluid velocity profiles in the gap due to the total electric potential gradients headed to the outer osteon. The maximum fluid velocities in the gaps of the canaliculae due to the total electric potential gradients had very low values, less than 0.04 mm/s.
Streaming Potential
As shown in Figure 9 , a significant increase in the streaming potential was predicted for the case with piezoelectricity. The peak streaming potential value with the piezoelectricity was increased by up to 58.8% compared with that without piezoelectricity.
DISCUSSION
A previous research reported on the pore pressure generation within the elastic range using 10 microscopic cylindrical trabecular specimens obtained from the trabeculae of fresh bovine lumbar vertebrae. 34 One specimen was obtained from the central region of each vertebra in the cephalad-caudal direction. The specimen was 500 mm in diameter and 1800 mm in length. To minimize the loss of bone fluid and the damage artifacts, these preparation procedures were performed while the specimen was frozen. Then, a microscopic testing apparatus was specially designed, and the rigid microscopic stainless steel annulus and solid loading piston provided the prescribed condition by restricting the lateral deformations and fluid flow. An enamel coating in the groove on the microscopic loading piston prevented leakage of bone fluid during the tests. A micro-pressure transducer made by MEMS processing (a 20 mm Â 20 mm fluid pressure membrane) was located at the bottom of the specimen to monitor the pore pressure generation.
The specimens were positioned and thawed in the chamber of the apparatus. The apparatus containing the specimen was submerged in a reservoir filled with a physiological saline solution. The reservoir was located in a vacuum chamber to remove possible air bubbles in the specimens and the chamber of the apparatus. As a result, the specimens and apparatus were saturated with bone fluid and the saline solution. A specially designed micro-scale compressive testing machine was used for loading. The testing machine had a rigid lead zirconate titanate (PZT) actuator (PI Gmbh, Germany) for the axial loading. The axial loading by the rigid PZT actuator could load up to 2000 N with a full displacement range of 120 mm. When the loading displacement was measured with a 12-bit A/D converter, the displacement control resolution of the testing machine was found to be 30 nm. The measured mean compressive stress (AE SD) and the pore pressure (AE SD) at a strain of 0.4% in the undrained uniaxial strain condition were 28.5 AE 0.82 MPa and 49.2 AE 4.45 kPa, respectively.
Since the trabeculae do not have the Haversian and Volkmann canals, the generation of the pore pressure is caused by the lacunocanalicular network and the pores in the bone matrix. Although the boundary condition (the undrained uniaxial strain condition) causes maximum intraosseous fluid pressure generation within the elastic range of the trabecular tissue, the measured value was small. This implies that the pore pressure build-up capability of the trabeculae under the physiological loading conditions is small.
In particular, based on a small pore pressure buildup capability, which is directly related to the Skempton's coefficient (the compressibility coefficient 12 ), it could be postulated that the measured intra-trabecular fluid pressure occurred only in the lacunocanaliculae, and not in the pores of the trabecular matrix. Two postulations have been presented regarding the feasibility of the interstitial fluid flow through the pores in the bone matrix. One postulation is that the flow through the pores of the bone matrix exist, 21, 35 while the other suggests that there is no flow in the bone matrix. 22, 36 It is known that the pore size of the bone matrix is about 10 nm in radius. 12 If the pores in the bone matrix are interconnected, they could be connected by pipes having small diameters. Otherwise, without the pipes, the volumetric shape of the bone matrix must resemble open-cell foams having very high porosities and directly interconnected pores. If so, the trabeculae should have a high value of pore pressure build-up capability. However, the bone matrix does not show an open-cell foam shape. Furthermore, the measured pore pressure of the trabeculae was a small value.
Based on these reasons, the pores in the bone matrix could be connected by pipes having a diameter in the order of nanometers. This postulation is supported by previous studies 28, 29 wherein the diameter of the pipe connecting the bone matrix pores could be less than 1 nm or of the order of 1 nm. According to the electrokinetics, the immobile Stern layer on which the water molecule is bound on the wall of a fluid path is approximately 0.2-0.5 nm. 36, 37 It is also known that the shear plane is located directly next to the Stern layer. For the existence of interstitial fluid flow, the path radius of the fluid flow should be much larger than the sum of thicknesses of the Stern layer and the shear plane. Furthermore, the viscous effects of the fluid must influence the interstitial fluid flow in the form of fluid flow resistance. As a result, the interstitial fluid flow in the bone matrix could be virtually difficult. Therefore, the pores of the bone matrix could be considered as closed pores with bounded interstitial fluid. As such, the bone matrix could be characterized by a special case of poroelastic material having a high stiffness under the undrained condition. This also implies that the bone matrix is impermeable for the bone fluid. Consequently, the flow in the bone tissue could occur only through the lacunocanaliculae and the Haversian and Volkmann canals.
The study 12 indicated an impermeable condition of the bone matrix with explanations using the sub-micro level structure of the bone. In addition, the postulation in this discussion that the flow in the bone tissue occurs only through the lacunocanaliculae and the Haversian and Volkmann canals could support the dry condition of the bone matrix. Therefore, the bone matrix could be dry. Since the dry bone exhibits piezoelectricity, the bone matrix would have a piezoelectric mechanism. In the previous study 38 using the bone with fluid, a very short relaxation time was observed in the potential after a small amplitude spike when the zeta potential value was negligible. This implies that the in situ dried condition of the bone matrix could induce piezoelectricity in the bone with fluid although the observed peak amplitude of the piezoelectric potential was low compared to that of the streaming potential. In a study that was performed at the nano-scale level, 39 both wet and dry bones showed similar piezoelectric deformations of the cortical tissue near the Haversian canal in the longitudinal direction of the osteon, when a sinusoidal voltage of 1 kHz was applied to the tip of a piezoresponse force microscope. Since the deformation of the solid phase of the wet sub-microscopic cortical tissue was directly measured in this study, it could have been caused by the piezoelectric effect of the bone matrix. Therefore, it could be postulated that the bone matrix generates piezoelectricity.
If the longitudinal flow were restricted for an osteon during a compressive loading, the bone fluid in the lacunocanaliculae would flow toward the Haversian canal because of the radial pressure gradient caused by the fluid flow restrictive boundary of the most outer interface of the osteon. 23, 40 In addition, the compressive deformation of the bone matrix causes anisotropic piezoelectric potentials. The piezoelectric potential difference in the transverse direction was the highest between the Haversian canal wall and the outer part of the osteon. Thus, the piezoelectric potential distribution at the interface between the lacunocanaliculae and the bone matrix shows a decreasing tendency from the lateral end to the Haversian canal wall of the osteon. When the bone matrix is piezoelectric, there are temporal and spatial variations in the surface potential on the lacunocanalicular wall.
Previous theoretical studies on the streaming potential in the bone without considering the piezoelectricity [17] [18] [19] [20] [21] [22] [23] assumed constant zeta potential (À3.55 to À10 mV) near the wall of the canaliculae using the electrostatic radial potential distribution, namely the Boltzmann distribution. Thus, in the previous model, the streaming potential was obtained by accounting only for the variations of pressure gradient in the flow direction. When piezoelectricity is caused by the deformations of the bone matrix, there are transient changes in the surface potentials at the interface between the bone matrix and the canalicular fluid. However, the existing transient charge density equation 41 cannot consider the effects of the surface or external potential, i.e., the effect of piezoelectricity of the bone matrix on the charge density distribution.
The transient charge density equation proposed in this study considers the potential generation by the bone matrix and the interactions between the surface and internal potentials. As a result, the zeta potential near the wall of canaliculae is changed by the transient charge density distribution behavior, which affects the characteristics of the streaming potential. Because the bone is a unique material, which exhibits piezoelectricity on the wall of the ionic fluid path, the modified transient charge density equation is first introduced in the bone mechanics.
It is understood that the glycocalyx on the erythrocyte and ocular surface of epithelia has been studied well. The thickness of the glycocalyx on the erythrocyte THEORETICAL STUDY OF THE EFFECT OF PIEZOELECTRIC BONE membrane is approximately 7 nm which is very short compared to that on the osteocytic process. The glycocalyx on the ocular surface of epithelia has a thickness of approximately more than 100 nm. 42 Thus, the thickness of the glycocalyx on the ocular surface of epithelia could be mostly similar to that in the annular space of the canaliculi. Experimental measurements of the glycocalyx potential on the ocular surface of epithelia were performed by Tran et al. 33 When a spatial resolution of 50 nm was used to measure the potential, negative potentials were found in the layer of the glycocalyx. They indicated that the positive potential in the layer of the tear film changes into a negative potential when the electrode moves into the glycocalyx. Based on their results, the potential at the epithelial surface varied from about À20 to À2.5 mV. In addition, they provided an almost constant measured potential distribution within the layer of glycocalyx.
The glycocalyx mesh in the canaliculi is penetrable for molecules in the bone fluid, owing to the low value of the measured reflection coefficient, 5.75%, using parvalbumin (molecular weight: 12.3 kDa, diameter: 1.31 nm). 31 It is known that the molecular weights of water, sodium ion, chloride anion, and albumin are 18 (size: 0.28 nm), 23 (size: 0.2 nm), 35.4 Da (size: 0.2 nm), and 66.5 kDa (size: 7 or 3.5 nm, 32 and up to 11 nm 43 ), respectively. In addition, a glycocalyx porosity value of 95% was predicted using a fiber radius of 0.5 nm. 44 Thus, the glycocalyx structure in the canaliculi could be highly porous and penetrable for molecules and ions in the bone fluid. Based on the predicted permeability values 1, 22 and the penetrability of the molecules, a fiber radius of 0.6 nm and spacing of 10 nm of the canalicular glycocalyx were assumed in this study.
According to a previous study, 45 the local structure of the glycocalyx in the canaliculi can be represented as a three-dimension orthogonal grid. In addition, the appropriate fiber radius and spacing of the canalicular glycocalyx could be 0.6 and 10 nm, respectively. Therefore, the local fluid path of the glycocalyx in the longitudinal direction of the canaliculi can be a thin transverse square grid. In addition, the flow of the lacunocanalicular fluid can be considered as the movement of various molecular and ionic particles through the lacunocanaliculae. When the lacunocanalicular fluid flows through the thin transverse glycocalyx girds, the fibers composed of various sizes of protein molecules act as flow obstacles, thereby causing perturbations.
According to classical fluid mechanics, laminar separation is initiated at an angle of 83˚for a cylindrical obstacle. It was reported that vortex generations for laminar flow around a cylinder pair are significant. 46 In addition, vortexes occur during laminar flow through a cantilever-fiber. 47 As a result, turbulence occurs even before the particles pass through the fibers. In addition, electrical interactions among the fibers, ions, and charged molecules could augment the perturbations. The perturbations cause a rapid mixing of the molecules and ions in the transverse glycocalyx grids. As a result, stream lines, the necessary condition for generating streaming potential, cannot be formed in the transverse glycocalyx grids. Consequently, the streaming potential cannot be generated by the lacunocanalicular fluid flow through the thin transverse glycocalyx grids.
Next, the lacunocanalicular fluid passes through the longitudinal grids having a spacing of 10 nm. Because the spacing is not enough to enable recovery to laminar flow, steady flow could not be achieved in the longitudinal grids. As a result, the streaming potential in the glycocalyx cannot be formed by the longitudinal grids. Therefore, the ionic bulk solution in the glycocalyx is electroneutral when the bone fluid flows through the lacunocanaliculae.
The internal potential can be obtained from the charge density distribution predicted from the modified transient charge density equation in the canaliculae. The charge density distribution cannot be temporally changed without the piezoelectric effect. The changes in the charge density distribution cause changes in the internal potential distribution near the canalicular wall. Then, the total potential can be obtained by the summation of the transient internal, surface, and streaming potentials. The sum effect of the total electric and pressure potentials eventually affects the flow velocity in the canaliculae.
Previously, the modified Navier-Stokes equation was used to understand the effects of the streaming potential on the flow in the canaliculae. 2 Thus, it was understood that the flow of the bone fluid in the canaliculae is caused by the pressure electric potential gradients. Since the direction of the flow velocity due to the electric potential gradient is always the antidirection of that by the pressure gradient, the total electric potential induces an electroviscous effect on the flow in gap of the canaliculae. In this study, the maximum value of the peak fluid velocity in the gap due to the total electric potential gradients was only 0.04 mm/s. Therefore, the electroviscous effect on the canalicular flow in the osteon can be ignored.
In this study, a two-layer configuration of the annular fluid space of the canaliculi was utilized. A parabolic flow through the gap between the tips of the glycocalyx and the canalicular wall is obtained by the modified Navier-Stokes equation. In addition, a plug-type Darcy flow occurs in the porous glycocalyx. The thickness of the glycocalyx occupies approximately 90% of the radial distance of the annular fluid space in the canaliculi. In contrast, the gap represents approximately 10% of this distance. In the canaliculi farthest from the Haversian canal, the peak velocity in the gap peak velocity (118.2 mm/s) and the Darcy velocity (70.1 mm/s) for the canaliculi nearest to the Haversian canal is 68.6%. Therefore, it can be known that the fluid velocities near the canalicular wall are much higher than the fluid velocities in the glycocalyx. Previous studies 5, 7, 8 indicated that the cellular strain of the osteocytic process could be amplified by the tethering elements, which experience a drag force due to fluid flow. Thus, the fluid velocity is important since it induces the drag force, which generates deflections in the tethering elements. The increased fluid velocity due to the local fluid velocity near the canalicular wall could affect the deflections of the tethering elements as well as the cellular strain amplifications. In addition, the locally increased fluid velocity profile in the gap near the canalicular wall could affect the overall deflection of the tethering elements.
In this study, a significant change in the streaming potential with the introduction of piezoelectricity of the bone matrix was predicted. Although the electric potential generated by the piezoelectricity of the bone matrix disappeared because of its very short time constant, the piezoelectricity significantly affected the generation of streaming potential. In particular, the peak value in the case with piezoelectricity was 59% higher than that in the case without piezoelectricity. In addition, a relaxation time of approximately 0.5 s was predicted. Therefore, the effect of piezoelectricity on the generation of streaming potential in the osteon cannot be neglected.
Generally, the predicted relaxation time of the streaming potential has been reported to be very short (less than 100 ms) for the case without the glycocalyx in the canaliculi owing to the relatively large diameter and annular fluid space of the canaliculi. Based on the observed streaming potentials, Pollack 19, 35 postulated that the interstitial fluid flow through pores in the bone matrix can generate a streaming potential having a relaxation time greater than 100 ms in the bone tissue. However, this postulation could be incorrect because the bone matrix is impermeable. Thus, Cowin et al. 22, 35 suggested that the glycocalyx filling the annular space in the canaliculi is the source of the streaming potential. They proposed a canalicular flow model that satisfied the required relaxation time of the streaming potential, in which a group of longitudinal rod-fibers in the glycocalyx and the canalicular wall generate the streaming potential.
In this study, it is postulated that the glycocalyx in the canaliculi may not be the source of the streaming potential. Instead, this study suggests that flow through the gap between the tips of the glycocalyx and the canalicular wall may be the source of the streaming potential. Because streaming potentials have been measured for dead bones, Pollack 35 indicated that the canaliculae in the dead bones could be damaged. Even in the case of a damaged and completely blocked glycocalyx in the canaliculi, wherein the interstitial fluid flow cannot occur through the glycocalyx, the streaming potential could still be measured. This paradoxical case might be explained by the postulation of Pollack, 35 according to which, interstitial fluid flow through the pores in the bone matrix generates the streaming potential. Because the interstitial fluid flow cannot occur in the bone matrix, the streaming potential measured in this case was generated by the bone fluid flow through the small gap in the canaliculi.
The role of electricity on bone physiology has been a mystery in bone mechanics since the discoveries of piezoelectricity in dry bone and streaming potential in wet bone, or bone having fluid. This topic is still not well understood, despite the existing efficacy of bone electricity in treatments of bone tissue diseases, such as the nonunion of fractured bone. 48 This study proposes a relationship between the streaming potential and piezoelectricity in the bone matrix. As such, it can be understood that bone electricity results from a multiphysical interaction in the deformation of porous piezoelectric bone tissue filled with bone fluid. In bone tissue diseases, the unidentified healing process due to bone electricity could be directly related to flow in the lacunocanaliculae and the streaming potential, which result from the deformation of the piezoelectric bone matrix caused by the exogenous electric potential.
For the former connection, a suitable or optimal deformation of the piezoelectric bone matrix caused by the exogenous electric potential could control the lacunocanalicular fluid flow (the shear stress, or the deflection of the tethering element and the glycocalyx cause bone remodeling) for the activation of bone remodeling. For the latter connection (which is not yet fully understood), optimal generation of the streaming potential could help or accelerate the bone remodeling process at the wall of the Haversian canal (a positive electric potential on a surface promotes higher osteoblast adhesion and proliferation 49 ). Further experimental study is recommended to understand the direct effects of bone electricity on bone remodeling.
The lacunocanalicular pericellular matrix (called the glycocalyx in this study because a general cell has the glycocalyx on its surface) and the gap, which form the two-layer configuration of the bone fluid flow over the porous glycocalyx, would be important for controlling the total canalicular fluid mass flowing in and out, irrespective of the permeability changes of the glycocalyx. If the permeability of the glycocalyx is changed by aging and pathologies, flow in the glycocalyx is altered. In the case of an increase in the permeability of the glycocalyx, an increase in the interstitial fluid velocity through the glycocalyx results in a decrease in the fluid velocity through the gap to maintain mass balance. In contrast, a decrease in the permeability of the glycocalyx increases the fluid velocity in the gap beyond the interstitial fluid velocity in the glycocalyx. Therefore, the two-layer configuration of the bone fluid flow through the gap overlaying the porous glycocalyx has the capability to control THEORETICAL STUDY OF THE EFFECT OF PIEZOELECTRIC BONE mass transport in the lacunocanaliculae. However, it is likely that the capability would be deteriorated in cases of severe pathological conditions, such as the calcification of the canaliculae or the disappearance of the glycocalyx due to problems in the regulation of osteocytic functions. Further study is required to understand osteocytic functions regulating the lacunocanalicular calcification and the structural properties of the glycocalyx.
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